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Porous gas diffusion electrodes of two layer and three layer type are prepared by cold compacting and sintering technique. 
The optimum concentration of acetylene black is 2 w t% and activated charcoal is 10 wt%. The incorporation of silver by 
different techniques like thermal decomposition of silver salts is presented. The amount of silver varies from 53 mg.cm-2 t o  
106 mg.cm-2. Electrode area is 30 cmz. The electrodes were polarised a s  oxygen gas  diffusion electrodes in 6.0 M KOH solu- 
tion at  333K.The electrodes were found to be  polarised t o  -145 mV at  60 mA.cm-2 and to -190 mV a t  80 mA.cm9 at 333K. 
These electrodes have been tested continuously and were found t o  show the same performance for 500 hrs -1000 hrs 
The performance of the same was  compared with the electrode containing acetylene black, heat treated and untreated in 
nitrogen atmosphere a t  1073K for 20 hours. Incorporation of platinised acetylene black (carbon) a s  electrocatalyst for oxygen 
reduction has also been attempted. 
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INTRODUCTION in these studies are given in Table I. Figs. la ,  Ib, Ic and Id show 
he reduction of oxygen is the most important cathodic reaction TABLE-,: Characteristics of oxygen electrodes 
T i n  fuel cells and metal-air batteries. In the near future, oxygen 
electrodes may be used in brine electrolysis [ I 1. The sintered porous 
nickel electrodes employ non-noble metal catalysts like cobalt Electrode Electrocatalyst in  Electrocatalyst 
aluminate [ 2  1, perovskites [ 3 1  and silver or silver-based catalysts No. the catalyst layer amount: [ 4 ] .  In earlier communications, the results of the polarisation 
mg.cm-2 behaviour of oxygen gas diffusion electrodes employing activated 
.- - 
charcaal [5], acetylene black [6] or silver formed insitu from silver 
carbonate 171 or silver on alumina [8]  were reported. 1 Activated charcoal 2 Activated charcoal t 
The long term performance of cathodes containing silver catalysts 
in alkaline medium are presented here. Activated charcoal and silver 3 
dispersed on skeletal nickel matrix have also been studied. Charges 
in the performance of the porous electrodes due to flooding, loss of 4 
surface area or catalytic activity and their effect on the electrode 
performance is studied by the AC impedance method L 9,101. A 5 
general model of the oxygen reduction kinetics in porous electrodes 
is proposed. 6 
silver insitu fromAg2C03, 26 
Activated charcoal + 38 + 
silver insitu from Ag2C03 52 
Activated charcoal + 38 + 
silver insitu from Ag2C03 52 
Silver insitu from silver 76 
carbonate 
Silver insitu from silver 104 
carbonate 
EXPERIMENTAL 
The different catalysts, namely silver formed insitu from silver car- 
bonate or activated charcoal or combination of both, have been 
used as electrode catalyst. Coconut shell charcoal activated in am- 
monia and carbon dioxide atmospheres alternatively at 1273K for 
100 hours has been employed. The preparation of the silver-based 
catalyst is the same as reported earlier [ 61.  Three layer electrodes 
of area 30 cm 2 were prepared by the procedure described earlier 
[ 5 1. The steady state galvanostatic polarisation studies have been 
carried out in 6N KOH at various temperatures by employing an 
alkaline mercuric oxide reference electrode I 1 1. The porosity and 
pore size distribution curves were obtained by Mercury Penetra- 
tion Porosimeter. SEM characterisation of the electrodes were done 
with Scanning Electron Microscope. 
the SEM photographs of the porous oxygen gas diffusion electrode 
containing activated charcoal and silver (Electrode 3). Fig. l a  shows 
the vertical cross section of the electrode with clear distinction of 
the three layers, the middle layer containing the catalyst and the 
three layers differing in pore diameters. The thickness of each layer 
is found to be fairly uniform throughout the whole electrode area. 
Fig. I b shows the SEM photograph of the catalyst layer (middle 
layer). Figs. Ic and Id show the EPMA spectrum of silver and 
nickel respectively in the middle layer which confirm the uniform 
distribution of silver and nickel in the catalyst layer. Figs. 2a, 2b 
and 2c show the SEM photograph of the oxygen electrode con- 
taining only silver (Electrode 5). 
RESULTS AND DISCUSSION Fig.3 and 4 show the pore volume and pore size distribution 
curves of the electrodes 1,3 and 5 respectively. From Fig.4, we can 
The characteristics of the electrocatalysts and electrodes employed infer that the distribution curves show two maxima corres- 
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Fig. 7: SEM micrograph of porous oxygen gas diffusion electrode 3 
(a) SEM photograph of the electrode in vertical cross section 
Icl EPMA spectrum of silver in the middle layer 
(6) SEM photograph of the middle layer 
ponding to pore dia 6pm and 0.7 urn respectively for the electrode 
3 and 5 (curve 3 and 2 respectively). The pores in the lower range 
is mainly due to  the pores formed by the supporting nickel matrix 
in the operating and catalyst layers. This is about 25070 of the total 
porosity of the electrodes whereas the other maxima correspond 
to the pores formed between the nickel and the catalyst. This is 
fairly widely distributed t o  the extent of 50 to 55% in the pore 
dia range 2 to  IOwrn.  This increase is not observed in the case of 
:lectrode 1 which contains only acrivated charcoal. The silver car- 
,onate during.therma1 decomposition thus creates pores to a greatcr 
extent in the other electrodes (Electrode 3 and 5) leaving behind 
high surface area catalyst in the electrode. 
Steady state polarisation studies 
Fig.5 shows the steady state galvanostatic polarisation curves for the 
various oxygen electrodes (Nos. I to 6)  for oxygen reduction in 
6N KOH at  333K and p O2 = 1.0 kg. cm-2. The polarization of 
the electrodes at 80- 120 r n A . ~ m - ~  were compared. The electrode 
containing only activated charcoal as the catalyst (Electrode 1) was 
found to show a current density of 80 mA.crn-2 (curve 1) at -300 mV 
vs Hg/HgO/OH. . The performance of the above electrodes was 
found to increase with silver addition in the catalyst layer (curves 
2,3 and 4). Current densities of the order of 100 mA. cm-2 and 
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Fig.2: SEM micrograph of porous oxygen gas diffusion electrode 5 .  
(a) SEM photograph of the middle layer cl SEM photograph of the gas layer 
bl EPMA spectrum of silver in the middle !ayer 
120 mA.cm-2 were obtained at silver amounts of 26 mg.cm--' and 
52 mg.cm-2 respectively at -300 mV. The polarisation of the elec- 
trodes containing activated charcoal and silver for different bat- 
ches of electrodes (Electrode 3 and 4) was found to be the same and 
their long term performance was also found to be same. 
Thc electrodes containing silver alone as the catalyst performed 
well and current densities beyond 160 mA.crn-2 can be obtained 
it -300 rnV vs Hg/HgO (curves 5 and 6 in Fig.5). The electrodes 
were also subjected to continuous poIarisation studies. The polarisa- 
ion was found to be the same even after 1000 hours of testing. 
Fig.6 shows the galvanostatic polarisation curves for electrode 6 
OXYGEN ELECTRODE 
/ - - - - - -I  
Fig.3: Pore-volume-mercury penetration curve for the porous 
oxygen gas diffusion electrodes. (7) Electrode 1; 121 Electrode 5; 
and (31 Electrode 3. 
- 
at different temperatures. (Curves 1 to 3 at 303K, 333K and 353K 
respectively for electrodes 6 and curve 4 at 353K for electrode 2). 
For practical considerations current densities upto a polarisation 
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FORE DlA METER (u m) 
10 1.0 0.1 
I 
OXYGEN ELECTRODE 
ABSOLUTE PRESSURE 
a x  7. 14 
Fig.6: Steady state galvanostatic polarization curves for oxygen 
reduction at various temperatures. Curves 1 to 3 at 303K, 333K 
and 353K respectively for electrode 6. Curve 4 at 353K for elec- 
trode 2. 
TABLE-II: Polarisation data of different oxygen electrodes 
Electrode potentials 
Electrode Current mV vs Hg/HgO 
density 303K 
mA.cm-2 333K 353K Fig.4: Pore size distribution curves for oxygen electrodes ( I )  Elec- 
trode 1; 12) Electrode 5; and (3) ~lectrode 3 
Fig.5: Steady state galvanostatic polarisation curves for the ox- 
tgen electrodes in 6.0 M KOH at 333K. Curves nos. correspond 
!o electrode nos. 
)f - 200mV are found to be important. The polarisation values 
)btained at different temperatures for all the electrodes studied 
Ire given in Table 11. The practical current density at -200mV for 
he electrodes containing only silver was higher than that contain- 
ng activated charcoal and silver. 
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Impedance measurements and its analysis for oxygen reduction on 
porous nickel electrodes 
The impedance values were measured in the frequency range IOkHz 
to 0.001 Hz. The impedance values were measured at  various elec- 
trode potentials e.g. + 20 mV (OCP), 0 mV, -25mV, -50mV and 
-100mV vs Hg/HgO (held potentiostatically ). The solution 
resistance, R,, determined as the high frequency intercept on the 
real impedance axis was calculated. R, values were subtracted 
from the total impedance [ l q .  The frequency dispersion gradual- 
ly approaches a semicircle with increase in cathodic overvoltage 
where Z" and Z' represent the imaginary and real components of 
the cell impedence (Fig.7). At low overpotentials there is a 
Fig. 7: Faradaic impedance of a porous nickel electrode for ox- 
ygen reduction at different O / C  potentials. Oxygen gas pressure: 
1.0 kg/cmz; Electrolyte: 6M KOH; Temperature 303 K; (11 + 
20mV; (21 0; (31 -25 m V; (41 -50 mV and (51 - 100 mV vs 
Hg/HgO 
phase shift of 45" between current and potential. This type of 
dependence indicates that charge transfer is controlled by diffu- 
sion. At high overpotentials, charge transfer takes precedence over 
diffusion. The diffusion contribution can arise due to  the diffu- 
sion of oxygen to the reaction site. Such behaviour was also 
reported for oxygen evolution on nickel [13]. 
We can construct the equivalent circuit (Fig.8) for oxygen reduc- 
tion in a similar way [14, 151. One of the components, Zdiff , is 
rate-controlling at  low overpotentials and Zkin a t  high overpoten- 
tials. T o  understand and evaluate the kinetic parameters, the im- 
pedance arising due to the following steps 1161 are to  be considered 
as elements in the Faradaic impedance: 
7-------p-lJ-; 
I z c t  
I 
I I I I I FARADAK IMPEDANCE L, -, , - --A I I 
, - ,,,,-,,, 1 
MEASURED IMPEDANCE 
Z c  t = CHARAGE TRANSFER IMPEDANCE 
Zd= DIFFUSION IMPEDANCE 
Fig. 8: Equivalent circuit for oxygen reduction reaction on porous 
electrodes 
(i) Oxygen diffusion through the gas phase in the pores 
(ii) Oxygen diffusion across the electrolyte film on the active 
surface t o  the reaction site 
(iii) Adsorption or surface reaction of the oxygen molecule 
(iv) Charge transfer i.e. reduction to hydrogen peroxide or water 
(v) Diffusion of the reaction product into the electrolyte and 
diffusion of further reactants etc. 
The actual kinetic parameters of the elements are to  be correlated 
with the impedance elements. The typical properties which may 
affect the measured impedance are being evaluated [ l 7 , l q .  
The double layer capacity was calculated in each case as the 
intercept on the ( Z u ,  );Lag axis as d + a in the admittance 
plot, (23) ;fnag.vs (a) ;leal.This value was almost the same (about 
2 x 105 uF) for the porous nickel electrode at all overpotentials. 
Assuming the double layer capacity for the porous nickel electrode 
as 1 4 p  F.cm-2 1191, the real surface area was calculated to  be 1.5 
x 104 cm2 or  the roughness factor is 500 with internal area 1.43 x 
lO3cm2. g-1. This represents the actual area of the thin wetted film 
or  the electrochemically active surfacearea. The exchange current 
density value calculated for this true area is of the order of 10-4 
A. cm-2. Obviously two electron path way predominates, i.e. the 
reaction through peroxide formation step, in porous nickel 
electrodes. 
Further elucidation of the value in presence of the catalysts 
like silver and activated charcoal and the determination of the reac- 
tion zone and utilisation of the catalyst etc. will be reported in due 
course. 
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